Abstract-In dielectric laser accelerators (DLAs), the electrons traverse through a channel whose structure period and transverse dimensions are comparable to the laser wavelength. If a 1-µm laser wavelength is used, this means the acceleration channel width must be less than or equal to 1 µm, which severely restricts the amount of charge that can be passed through the channel and places high demands on the electron beam emittance. Using a CO2 laser operating at 10 µm wavelength to drive the DLA enlarges the dimensions of the channel by 10 times. This increases the amount of charge that can be accelerated by orders of magnitude and eases the emittance requirements. As an additional improvement, we are proposing using an inverse free electron laser (IFEL), driven by a portion of the CO2 laser beam, to generate microbunches that are injected into the DLA. This allows maximizing the number of accelerated electrons and minimizing their energy spread, thereby improving the output beam quality. Other advantages of our approach include facilitating achieving phase synchronization of the microbunches within each DLA stage due to the longer laser wavelength and easing fabrication of the microstructures with acceptable tolerances because the structures are 10 times larger. To illustrate the scalability of this concept, we present a strawman design for a high-repetition-rate, high-peak-power CO2 laser system capable of driving multi-stage DLAs up to the energy and luminosity requirements for a future collider. Innovative features of this design include utilizing solid-state lasers (Fe:ZnSe) for pumping the CO2 amplifiers rather than conventional discharge pumping and recirculating laser power through the amplifiers to support high-efficiency, highrepetition-rate, multi-bunch acceleration.
I. INTRODUCTION
Dielectric laser accelerators (DLAs) have the potential to enable the creation of ultra-compact accelerators with MeV to GeV energies [1] . DLA demonstrations thus far have only used solid-state lasers with near-infrared (NIR) wavelengths in the range of λ = 800 nm to 2 μm. Such lasers are highly attractive in terms of compactness, stability, wall-plug efficiency, and repetition rate. However, illuminating structures having entrance gaps on the order of the laser wavelength (e.g., 1 μm wide) has led to several compromises in order to get good acceleration performance: 1) The amount of charge that can be accelerated through the tiny gap is very small (on the order of fC).
2) The reduced distance over which the electron beam (ebeam) can be focused into the tiny channel limits the length of the interaction. And, 3) it is challenging to precisely fabricate DLA structures with submicron dimensions and with the required tolerances.
Using a longer wavelength laser beam, for example, a CO2 wavelength of appoximately 10 μm, to drive a DLA means the channel dimensions are now an order of magnitude larger (i.e., 10 µm wide). This increase in channel size has several advantages. 1) It increases the amount of charge that can pass through the channel by at least two orders of magnitude since both the spatial and angular acceptance are proportionally increased.
2) It greatly eases the e-beam requirements for focusing the electrons into the DLA channel due to the larger channel width. 3) It reduces the tolerance requirements needed to fabricate the DLA structures. And, 4) it makes it easier to stage multiple DLA "chips" in succession because transverse and longitudinal alignment tolerances are increased to the micron level rather than submicron [2] . CO 2 lasers have demonstrated the ability to operate at 20 kHz [3] with wall-plug efficiencies of approximately 25%. Moreover, by locating the DLA structure within the CO2 laser amplifier cavity, as has been previously proposed for solid state lasers [4] , it may be possible to recirculate the CO2 laser light through the DLA to more efficiently transfer laser energy to the DLA. This would at the same time increase the effective repetition rate of the DLA. For example, megahertz output rates from the DLA may be feasible using recirculation schemes [5] , such as the ones developed for the high-dutycycle IFEL project at Brookhaven National Laboratory (BNL) Accelerator Test Facility (ATF) [6] . Experiments are currently being performed at the ATF to demonstrate pumping their CO2 lasers using solid-state Fe:ZnSe lasers emitting light at 4.3 µm [7, 8] . This offers the exciting possibility of not only improving the pumping efficiency, but also providing another means for achieving high-repetition-rate operation.
Another important advantage of operating a DLA system at longer wavelengths is the potential to exploit reliable existing prebunching setups that have been developed for CO2-laserdriven inverse free electron lasers (IFEL). In a recent experiment, carried out by a University of California Los Angeles-BNL collaboration, a cascaded IFEL prebuncher scheme using two modulator-chicane assemblies has demonstrated that nearly all (i.e., 96%) of particles in the beam can be captured and trapped in the laser accelerating potential [9] , which is a significant improvement compared to a conventional single buncher scheme. Although using a DLA structure itself as a prebuncher is an ideal long-term goal, an IFEL offers an attractive alternative due to its very large transverse acceptance (so that no particular focusing element has to be used for the prebunching stage), demonstrated ease of implementation, and high phase stability and repeatability.
II. MODELING ANAYSIS AND PREDICTIONS
We have developed a quasi-analytical model [10] that solves for the electromagnetic (EM) fields inside both the dielectric medium and vacuum region while satisfying the boundary conditions imposed by the geometry of the DLA structure. This geometry is depicted in Fig. 1 and defines the parameters used in the model. Note, the laser beam is assumed to enter from both the top and bottom of the DLA where it passes through the medium at an angle θ0; thereby, achieving symmetric excitation of the waves inside the vacuum gap.
The wave numbers for the incident kz (inc) and accelerating kz (acc) waves are given by,
whereω is the laser frequency, c is the speed of light, εr is the relative dielectric coefficient, L is one period in the structure (see Fig. 1 ), and Ninc and Nacc are harmonic indices together with kB that form the longitudinal wave vector. Eliminating kB, the resonance condition is
For given values of λ, L, εr The model is valid for any laser wavelength and, hence, it can simulate both solid-state-laser-driven and CO2-laser-driven DLAs. The acceleration gradients it calculates are consistent with the gradients predicted by Plettner, et al., [11] for a solidstate laser. Thus, the model permits exploring different values for the grating parameters in order to determine the optimum channel design. parameters fixed. For this particular case, we see 1 μm has two resonances, 10.6 μm has one resonance, and the peak gradients are comparable for both wavelengths, i.e., greater than 1 GeV/m.
The model was used to develop first-order predictions for the performance of a CO2-laser DLA at the ATF. Before presenting the results, we first briefly review more details about the ATF GW CO2 laser system [12] . It features an ultrashort-pulse seed laser (Ti:sapphire optical parametric amplifier) and chirped-pulse-amplification (CPA) subsystem (stretcher, compressor), which are comparable in size as similar subsystems used in ultrashort-pulse solid-state lasers. The largest component is the regenerative CO2 amplifier, which is a commercial UV-preionized, transversely excited atmospheric (TEA) laser with an active volume of 1 cm × 1.5 cm × 80 cm. This is a modest-sized CO2 laser amplifier. Hence, the entire 9-GW CO2 laser system is comparable in size to a similar solid-state laser system for driving DLAs.
To estimate the maximum laser flux that can be applied to the DLA, we start by assuming the demonstrated performance for this GW CO2 laser, i.e., 14.5 mJ pulse and 1.6 ps pulsewidth corresponding to PL = 9 GW. Next, we assume the DLA substrate consists of intrinsic silicon, which has an index of refraction of 3.42 at 10.6 μm, and a damage laser fluence of approximately 1 J/cm 2 . At 7.25 mJ pulse energy (assuming 1/2 of total pulse energy enters each side of the DLA), this implies the area of the focused laser beam on the entrance face needs to be greater than or equal to 7.25 × 10 
Fig. 3a plots the predicted peak gradient as a function of laser flux assuming the parameter values in Table I . We see a laser flux on the order of 10 Intrinsic silicon transmits 42.4 % of the infrared radiation assuming no A/R coating and polished surfaces. Therefore, in the preceding we assumed operating at Brewster's angle (73.7° for Si at 10 μm) to improve the transmission. A wedge on the surface of the substrate can be used to refract the laser beam at the optimum angle into the channel. Silicon also has the advantage that it can be fabricated into the necessary microstructures for the DLA channel.
However, other materials also transmit well in the mid-IR, including germanium, barium fluoride, cadmium selenide, cadmium sulfide, calcium fluoride, diamond, gallium arsenide, magnesium fluoride, zinc selenide, and zinc sulfide. What is less clear is whether these materials can be microfabricated to create the needed DLA structures and their damage threshold when transmitting psec, mid-IR laser light. Moreover, any of these materials may be susceptible to nonlinear absorption and refraction at high laser peak power. Therefore, additional materials evaluation tests are still needed to identify the best substrate material for use in the CO 2-laser-driven DLA.
A less than 1 ps laser pulse is less than 1 mm long, which implies a need to scan the laser pulse along the 1-cm long DLA structure in synchronism with the electron microbunch. Various schemes for addressing this issue are possible in which the pulse front of ultrashort pulses is tilted using angular dispersion [13] . A simplified variation of this basic approach is depicted in Fig. 4 . The laser beam reflects off a grating where the dispersion across the grating face induces a corresponding time delay across the beam front, thereby creating a pulse-front tilt of the beam. When the laser pulse is directed at the DLA structure, this tilt causes the pulse front to scan along the vacuum channel. This is an attractive scheme because it is completely passive and it utilizes large diameter beams, which helps avoid optical damage issues. 
III. STRAWMAN COLLIDER DESIGN
The benefits of a CO2-laser-driven DLA that were presented in Sec. I, in particular the high amount of accelerated charge and the high repetition rate of CO2 lasers, open up the possibility for building a TeV-class electron collider based upon this technology. Fig. 5 depicts an example of a possible strawman collider design that would feature Fe:ZnSe-laserpumped CO2 amplifiers that drive multiple DLAs. These amplifiers would use multiple Fe:ZnSe lasers, which emit light at 4.3 μm, to optically pump the CO2 gas inside a CO2 amplifier. With solid-state-laser pumping of the CO2 amplifiers, a laser system wall-plug efficiency of approximately 25% should be feasible.
The CO2 amplifiers would operate with isotopic gas mixtures (i.e., O2) at 20 atm, which both broadens the CO2 laser gain spectrum and conveniently fills in the gap between the P and R branches. This results in a broaden gain spectrum that is roughly 6 THz wide, which permits amplifying sub-picosecond laser pulses [14] .
There are different ways for generating sub-picosecond laser pulses at 10-μm wavelengths, including using optical parametric chirped-pulse amplification (OPCPA) or optical parametric amplification (OPA). The ATF is planning to demonstrate femtosecond 9-10 μm generation using CPA where a Fe:ZnSe-laser-pumped cell placed inside a regenerative cavity is seeded with a 350-fs pulse from the ATF OPA that has been stretched to 50 ps. After multi-pass energy build up, the amplified pulse will be extracted from the cavity and recompressed to sub-picosecond pulse lengths using a CPA grating compressor.
In the strawman design, each pair of CO2 amplifiers drives 320, 1-cm long DLA stages by delivering 15 mJ per stage at 300 fs pulse length resulting in 6 × 10 At the input end of the collider would be an IFEL microbuncher. This IFEL is also driven by a solid-state-laser pumped CO2 laser.
To provide the needed luminosity, the repetition rate of the collider will be 2 MHz. As mentioned, CO2 lasers have already demonstrated 20-kHz repetition rates. To achieve 2 MHz, a pulse recirculation scheme can be utilized, whereby the DLA is located within an active optical cavity that contains the CO2 amplifier module. This concept is illustrated in Fig. 6 . Amplified laser light from the amplifier is directed into the DLA where only a fraction of the laser pulse energy is used to accelerate the electrons. The rest of the light passes through the DLA structure and is sent back through the amplifier where the light is amplified so that it can once again pass through the DLA. Due to the relatively long gain duration in the CO2 amplifier, it is conceivable that on the order of 100 pulses can pass through the DLA during each shot of the amplifier. Thus, the DLA is essentially accelerating electrons at 100 times the repetition rate of the laser. Hence, a 20-kHz CO2 repetition rate will result in a 2-MHz electron acceleration repetition rate.
Another attractive feature of this recirculation scheme is it reduces the wall-plug power consumption by a factor of 10 if only 10% of the pulse energy is lost per round trip. Since each amplifier delivers 7.5 mJ/pulse/DLA, the total energy load for driving 320 DLAs is 2.4 J/pulse. At a 10% replenishment rate and 2 MHz operation, the average power for each amplifier would be less than 500 kW. The issue of possible distortion of the laser beam passing through the DLA structure still needs to be examined.
Assuming the number of accelerated electrons is about 6 × 10 7 (i.e., 9.6 pC), a repetition rate of 2 MHz, and collision cross-section radius of σ⊥ = 2.5 nm, the luminosity of this strawman accelerator would be on the order of 10 
IV. CONCLUSIONS
CO2 lasers offer many distinct benefits for driving DLAs. The mid-IR wavelength means the dimensions of the DLA channel are at least 10 times larger than using solid-state lasers. This enables accelerating orders of magnitude higher amounts of charge, eases the e-beam quality requirements, simplifies fabrication of the DLA structures within acceptable tolerances, and makes staging of multiple DLA structures easier. It is also less susceptible to wakefield losses once these higher levels of charge are realized [15] . Using an IFEL provides a convenient and efficient way to prebunch the electrons being injected into the DLA, thereby maximizing the amount of charge that is trapped and accelerated. CO 2 laser technology has advanced in several ways. Besides being able to operate at multi-kilohertz repetition rates, sub-picosecond generation and amplification are now possible. Solid-state lasers are being integrated within CO2 laser systems to provide both sub-picosecond seed pulses and to optically pump the CO2 active medium.
Combining DLA technology with the latest advancements in CO2 laser technology offers the possibility of creating TeVclass accelerators. At more modest energy levels, e.g., MeV, this technology can be used to create compact accelerators for medical applications where the miniature size of the DLA permits locating the accelerator close to the patient and the high repetition rate of the CO2 laser provides the necessary high duty cycle required for beam therapy.
